1. Introduction {#s0005}
===============

Cerebral palsy (CP) has been defined as "a group of permanent disorders of the development of movement and posture, causing activity limitation, that are attributed to non-progressive disturbances that occurred in the developing foetal or infant brain" ([@bb0220]). It is a condition with myriad clinical manifestations and functional limitations. Structural magnetic resonance imaging (MRI), such as T1- or T2-weighted imaging, can be used to assess the location and size of brain lesions in children with cerebral palsy, and can be used to elucidate the aetiology or pathogenesis of CP ([@bb0130]). It is, however, difficult to establish a relationship between structural MRI and clinical function ([@bb0010]). While larger brain lesions typically indicate higher severity of impairments, similarly severe impairments can be seen in children with small lesions in functionally relevant areas or even in those with apparently normal structural MRI ([@bb0130; @bb0155]). An assessment of the microstructural properties of the white matter is therefore required for an improved understanding of the relationship between brain microstructure and clinical function.

Diffusion MRI provides a non-invasive tool to probe white matter microstructure. The diffusion of water molecules in the brain is hindered and restricted by the presence of axons in the brain. Changes in water diffusion are associated with changes in myelination, axon density and diameter, and coherence ([@bb0230]). Tissue microstructural properties are frequently characterised using the quantitative diffusion metrics fractional anisotropy (FA) and mean diffusivity (MD); see [@bb0020] for a review. In addition, diffusion MRI allows the delineation of white matter pathways by tractography, and subsequent assessment of microstructure within three-dimensional tracts rather than two-dimensional regions of interest. Both diffusion MRI and tractography have previously been used to investigate CP in paediatric populations (see [@bb0225] for a systematic review).

Perhaps not surprisingly, the corticospinal tract -- the major descending motor pathway in the brain -- has been the most frequent target of tractography investigations in CP ([@bb0040; @bb0045; @bb0085; @bb0095; @bb0100; @bb0125; @bb0205; @bb0215; @bb0245; @bb0250; @bb0260; @bb0280; @bb0300]), with a recently increased interest in ascending sensory pathways ([@bb0045; @bb0100; @bb0205; @bb0215; @bb0260; @bb0280; @bb0300]). Other projection, association and commissural pathways have been investigated less frequently ([@bb0125; @bb0260]). In the majority of these studies, the identification of pathways associated with CP was limited by the use of the diffusion tensor model to drive tractography, as well as the necessity of a priori hypotheses concerning the pathways to be investigated.

The aim of this study was to identify pathways associated with unilateral cerebral palsy from the structural network of connections in an automated fashion. This approach requires no a priori hypotheses regarding the tracts of interest, and has the potential of identifying pathways of altered microstructure that were not previously investigated in unilateral CP. To achieve this, we calculated the structural connectomes of children with unilateral left and right CP caused by periventricular white matter (PWM) lesions, as well as children with typical development (CTD) using High Angular Resolution Diffusion Imaging (HARDI) tractography, and investigated differences in FA between participant groups using a network-based statistics approach. We further hypothesised that a relationship would exist between FA of the identified pathways and performance of the impaired hand in bimanual tasks.

2. Methods {#s0010}
==========

2.1. Participants {#s0015}
-----------------

Study participants included children who were recruited and assessed at baseline as part of ongoing cohort studies of children with unilateral CP at our centre, investigating executive function ([@bb0025]), the effect of web-based multimodal training (Mitii) ([@bb0030]), and the effect of constraint induced movement and bimanual therapy (CoMBiT) ([@bb0035]) on brain structure and function in children and adolescents with unilateral CP. Children with mild to moderate unilateral CP (congenital spastic hemiplegia; Gross Motor Function Classification System I--II, Manual Ability Classification System I--II), aged between 5 and 18 years, with sufficient cooperation and cognitive understanding to participate in therapy activities ([@bb0030; @bb0035]), and no contraindication for MRI and no epilepsy were eligible for recruitment.

A total of 80 children with unilateral CP (age 5--17 years), of whom 38 presented with left unilateral CP and 42 presented with right unilateral CP, as well as 21 children with typical development (CTD, age 7--16 years) recruited from the community with no indication for brain MRI participated in one or more of the abovementioned studies and had MRI performed at baseline (see [Table 1](#t0005){ref-type="table"} for participant demographics).

The University of Queensland and Children\'s Health Queensland ethics committees granted ethical approval. Informed parental consent was obtained from all participants.

2.2. Clinical testing {#s0020}
---------------------

Performance of the impaired hand in bimanual tasks was assessed using the Assisting Hand Assessment (AHA; ([@bb0140])). The AHA assesses the effectiveness with which a child uses their impaired hand in bimanual activities. The school kids version of the AHA has previously been shown to have excellent inter-rater and intra-rater reliability (intraclass correlation 0.97; ([@bb0090])), and is sensitive to change due to intervention ([@bb0055]). An alternate form of the AHA was used for adolescents older than 12 years provided by the developers, however its reliability has not yet been assessed. A certified rater scored the AHA. Raw AHA scores are based on 22 items scored from 1 to 4; hence raw AHA scores range from 22 to 88. Raw AHA scores were converted to scaled logit (log odds probability units) AHA scores, which range from 0 to 100 ([@bb0135]).

2.3. MRI {#s0025}
--------

To prepare children for the MRI scan, a "practice session" with a mock scanner was organised prior to the real MRI scan to familiarise children with the scanner conditions.

MRI data were acquired using a 3 T Siemens Tim Trio scanner (Siemens, Erlangen, Germany) with TQ gradients (45 mT/m, slew rate 200 T/m/s), using a 12 element Tim head array. A high-resolution structural image was acquired using a 0.9 mm isotropic 3D T1 Magnetization Prepared Rapid Gradient Echo (MPRAGE) sequence. The imaging parameters were: field of view 23 × 23 × 17.3 cm; TR/TE/TI 1900/2.32/900 ms; and flip angle 9°. The acquisition time for the MPRAGE was 4.5 min.

Diffusion images were acquired using a commercial single shot twice-refocussed echo planar multi-directional diffusion weighted sequence (SS-EPI; [@bb0200]). The imaging parameters were: 60 axial slices; 2.5 mm slice thickness; field of view 30 × 30 cm; TR/TE 9500/116 ms; and acquisition matrix 128 × 128, resulting in an in-plane resolution of 2.34 × 2.34 mm. Parallel imaging was employed with an acceleration factor of 2 to reduce susceptibility distortions. Sixty-four diffusion weighted images were acquired at b = 3000 s/mm^2^, in which the encoding gradients were distributed in space using the electrostatic approach ([@bb0115]), along with one minimally diffusion weighted image (b = 0). A field map for diffusion data was acquired using two 2D gradient-recalled echo images (36 axial slices; 3 mm slice thickness with 0.75 mm gap; field of view 19.2 × 19.2 cm; TR/TE1/TE2 488/4.92/7.38 ms; acquisition matrix 64 × 64) to assist in the correction for residual distortions due to susceptibility inhomogeneities. The combined acquisition time for diffusion data and field map was 10 min.

A Fluid Attenuated Inversion Recovery (FLAIR) image was acquired for lesion classification (25 axial slices; 4 mm slice thickness with 1.2 mm gap; field of view 22 × 22 cm; TR/TE/TI 7000/79/2500 ms; acquisition matrix 256 × 192 interpolated to 512 × 512). The acquisition time for the FLAIR image was 2 min.

2.4. Structural parcellation {#s0030}
----------------------------

Cortical reconstruction and volumetric segmentation were performed using the MPRAGE images with the Freesurfer image analysis suite (<http://surfer.nmr.mgh.harvard.edu>). Briefly, non-brain tissue was removed using a hybrid watershed/surface deformation procedure ([@bb0235]), subcortical white matter and deep grey matter volumetric structures were segmented automatically ([@bb0070; @bb0080]), and intensity inhomogeneity of the images was corrected ([@bb0240]). The cerebral cortex was parcellated into 34 units per hemisphere based on gyral and sulcal structures ([@bb0050; @bb0075]). In addition to cortical regions, the left and right thalami, left and right cerebella, and brain stem were extracted. The accuracy of the cortical and subcortical parcellation was assessed visually. An axial slice was manually defined below the inferiormost slice on which the pons was visible to include only the most caudal part of the brain stem. Extracted cortical, subcortical and cerebellar structures are shown in [Fig. 1](#f0005){ref-type="fig"}.

A termination mask was generated to prevent diffusion tractography streamlines from crossing the cortical folds as described previously ([@bb0180]). Briefly, the interface between WM and GM was identified, and this boundary shifted 1 voxel into the GM. Streamlines were terminated when penetrating more than 1 voxel deep into GM.

2.5. Diffusion processing {#s0035}
-------------------------

An extensive preprocessing procedure was followed to detect and correct for image artefacts caused by involuntary head motion, cardiac pulsation, and image distortions ([@bb0175]). In brief, image volumes with within-volume movement were detected using the discontinuity index ([@bb0170]) and excluded from further analysis. Image distortions caused by susceptibility inhomogeneities were reduced using the field map, employing the FUGUE and PRELUDE tools available with FSL ([@bb0105]), and intensity inhomogeneities were removed using n3 correction ([@bb0240]). Subsequently, signal intensity outlier voxels (caused by cardiac pulsation, bulk head motion and other artefacts) were detected and replaced using DROP-R ([@bb0165]). DROP-R was modified from the originally proposed method to employ a higher order model of the diffusion signal suitable for the detection and replacement of outliers in high b-value diffusion data (HOMOR, ([@bb0185])). Between-volume registration to account for head movement during the scan time was performed using FMAM ([@bb0015]) with adjustment of the b-matrix ([@bb0145; @bb0210]).

Following these steps, FA was estimated from the corrected diffusion data. Constrained spherical deconvolution ([@bb0265; @bb0270]) (<http://nitrc.org/projects/mrtrix>) was employed to estimate the fibre orientation distribution for tractography at a maximum harmonic order of 8.

2.6. Connectome construction {#s0040}
----------------------------

Diffusion and structural data were co-registered using a rigid-body transformation with FLIRT (part of FSL; ([@bb0105])) by registering the FA to the skull-stripped MPRAGE. Registration accuracy was checked visually. Five million probabilistic streamlines were generated, seeding throughout the entire brain volume, to produce a whole brain tractogram. Streamlines were prevented from crossing cortical folds by applying the termination mask generated from structural data (see section [Structural parcellation](#s0030){ref-type="sec"}). Cortico-cortical, cortico-thalamic, cortico-cerebellar, and cerebello-cerebellar connections were extracted from the whole brain tractogram by hit-testing both terminal end points of every streamline with every cortical and cerebellar region. For brain stem connections, only one terminal endpoint was required to reside within the cortical, thalamic or cerebellar region, with any part of the streamline passing through the brain stem.

For every possible link between any pair of nodes, the number of connecting streamlines was noted. Median FA values were calculated by sampling the diffusion maps at every step of the selected streamlines. Connections with fewer than 250 streamlines (average) in children with typical development were excluded from further analysis (threshold determined empirically). Results were recorded in enriched connectivity matrices.

2.7. Lesion classification {#s0045}
--------------------------

A child neurologist expert in neuroimaging, who was blinded to clinical data, classified brain lesions based on structural images (MPRAGE and FLAIR) according to the presumed timing of lesion ([@bb0130]). Each MRI was classified as: i) brain maldevelopments (BM), ii) periventricular white matter (PWM) lesions, iii) cortical or deep grey matter (CDGM) lesions or iv) miscellaneous (M). Additional information was recorded on location (lobes) and laterality of lesions. A semi-quantitative scale was used to systematically assess lesion severity on structural brain MRI ([@bb0065]). Only children with PWM lesions were included in the final analysis; children with CDGM lesions were excluded due to failure of cortical parcellation, while children with brain maldevelopments were excluded due to the small group size (see also [Subsection 3.1](#s0080){ref-type="sec"}).

2.8. Statistical analysis {#s0050}
-------------------------

Statistical analysis of the brain network was performed using the NBS toolbox for Matlab (<https://sites.google.com/site/bctnet/comparison/nbs>; ([@bb0305])). A general linear model was used to identify differences in FA between participant groups for every connection, using age as a confounding variable. The following comparisons were conducted:1.CTD versus children with *left* unilateral CP caused PWM lesions;2.CTD versus children with *right* unilateral CP caused by PWM lesions.

We hypothesised that FA would be reduced in children with unilateral CP compared to CTD, reflecting impaired WM organisation due to the brain lesion; and that there would be no increase in FA in children with unilateral CP compared to CTD.

In a subgroup analysis, we further investigated:3.CTD versus children with *left* unilateral CP caused by *unilateral* PWM lesions;4.CTD versus children with *left* unilateral CP caused by *bilateral* PWM lesions;5.CTD versus children with *right* unilateral CP caused by *unilateral* PWM lesions;6.CTD versus children with *right* unilateral CP caused by *bilateral* PWM lesions.

We hypothesised that an increased number of brain connections would exhibit alterations in FA in children with bilateral PWM lesions, primarily in interhemispheric connections and connections of the ipsilateral hemisphere. We further hypothesised that, in children with unilateral PWM lesions, alteration in FA would be restricted to the ipsilesional brain hemisphere, and interhemispheric motor connections.

A t-threshold of 3 was used for individual connections. Correction for multiple comparisons was performed using the network based statistic (NBS; ([@bb0305])). The NBS identifies statistically significant components (i.e. "clusters" of connections), and can be thought of as the network analogue of conventional cluster statistics that is typically performed on statistical parametric maps. The NBS has a greater power than other correction methods such as Bonferroni correction or false discovery rate because it takes into account the interconnections (i.e. common nodes) between individual connections ([@bb0305]).

For connections that showed significant alterations in FA in children with unilateral CP compared to children with typical development, we additionally assessed the relationship between FA and clinical function (AHA) using a linear model. Statistical analyses were performed using R ([@bb0190]).

3. Results {#s0075}
==========

3.1. Demographics {#s0080}
-----------------

A total of 80 children with unilateral CP (38 children with left unilateral CP, and 42 children with right unilateral CP) and 21 children with typical development were recruited in this study. Automated cortical parcellation with Freesurfer failed frequently for children with CDGM lesions due to the size and extent of the lesion; example structural images are shown in [Supplementary Fig. 1](#ec0005){ref-type="supplementary-material"}. Therefore, data of all 23 children with CDGM were excluded from further analysis (11 children with left unilateral CP and 12 children with right unilateral CP). Two children presented with brain malformation (1 left unilateral CP, and 1 right unilateral CP). Their data were also excluded due to the small sample size, resulting in a cohort of 55 children with PWM lesions (26 children with left unilateral CP and 29 children with right unilateral CP).

A total of 80 children with unilateral CP (38 children with left unilateral CP, and 42 children with right unilateral CP) and 21 children with typical development were recruited in this study. Automated cortical parcellation with Freesurfer failed frequently for children with CDGM lesions due to the size and extent of the lesion; example structural images are shown in Supplementary Fig. 1. Therefore, data of all 23 children with CDGM were excluded from further analysis (11 children with left unilateral CP and 12 children with right unilateral CP). Two children presented with brain malformation (1 left unilateral CP, and 1 right unilateral CP). Their data were also excluded due to the small sample size, resulting in a cohort of 55 children with PWM lesions (26 children with left unilateral CP and 29 children with right unilateral CP).

Data of 3 children with typical development and 5 children with PWM lesions (3 children with left unilateral CP and 2 children with right unilateral CP) were excluded due to excessive head movement artefacts or signal-to-noise problems on the MRIs.

The final cohort for analysis therefore consisted of 17 children with typical development (6 male, age range 7.7--16.3 years, mean age 11.3 \[standard deviation 2.7\] years), 23 children with left unilateral CP (11 male, age range 5.1--17.0 years, mean age 10.5 \[standard deviation 3.0\] years, MACS I = 14/II = 9, GMFCS I = 17/II = 6), and 27 children with right unilateral CP (15 male, age range 6.0--17.1 years, mean age 11.4 \[standard deviation 3.3\] years, MACS I = 11/II = 16, GMFCS I = 13/II = 14). Children with left unilateral CP included 11 children with unilateral PWM lesions and 12 children with bilateral PWM lesions, while children with right unilateral CP included 19 children with unilateral PWM lesions and 8 children with bilateral PWM lesions. For brevity, we refer to the brain hemisphere contralateral to the impaired limb as the "ipsilesional" hemisphere throughout the remainder of this manuscript.

Demographic information and lesion characteristics of included participants are summarised in [Tables 1 and 2](#t0005 t0010){ref-type="table"}, respectively.

There was no difference in the means for age between CTD and children with left or right unilateral CP (ANOVA, p = 0.53), or for MACS and GMFCS between children with left or right unilateral CP (t-test, p = 0.16 and p = 0.06, respectively). Scaled logit AHA scores of children with right unilateral CP were significantly lower than scores of children with left unilateral CP (t-test, p = 0.021). There was a significant difference in scaled logit AHA mean scores between PWM lesion subgroups (ANOVA, p = 0.01). Post hoc analysis revealed that scaled logit AHA scores of children with left unilateral CP caused by unilateral PWM lesions were higher than scores of children with right unilateral CP caused by unilateral PWM lesions (p = 0.047, t-test); and scaled logit AHA scores of children with left unilateral CP caused by bilateral PWM lesions were higher than scores of children with right unilateral CP caused by unilateral PWM lesions (p = 0.004, t-test). There were no differences in age, MACS or GMFCS between PWM lesion subgroups (ANOVA). There were no differences in hemispheric, hemispheric summary (including the basal ganglia, brainstem, thalamus and posterior limb of the internal capsule ipsilaterally), basal ganglia & brainstem (including the thalamus, and posterior limb of the internal capsule bilaterally) and global (including the corpus callosum and cerebellum bilaterally) scores between the left and right hemiplegia groups (t-tests).

3.2. Alterations in FA in children with unilateral CP {#s0085}
-----------------------------------------------------

A total of 557 connections with an average of more than 250 streamlines in children with typical development were assessed. Results of the NBS analysis are summarised in [Fig. 2](#f0010){ref-type="fig"}. All connections that were identified as having significantly altered FA in children with unilateral CP compared to children with typical development are listed in [Tables 3 and 4](#t0015 t0020){ref-type="table"}, along with mean FA values for those connections.

### 3.2.1. Alterations in FA in children with left unilateral CP {#s0110}

FA was reduced in two network components. Component 1 comprised 5 ipsilesional intrahemispheric connections between 5 nodes (p = 0.003), and included right motor corticospinal connections (between the brain stem and pre- and paracentral gyri); right motor thalamocortical connections (between the thalamus and pre- and paracentral gyri), and the connection between the right precentral gyrus and the right insular cortex. Component 2 comprised 5 ipsilesional intrahemispheric fronto-parietal connections between 6 nodes (p = 0.004). Component 2 included the connections between the right precuneus and right medial orbitofrontal lobe, right caudal anterior cingulate, and right superior frontal lobes; further, it included the connections between the right superior frontal lobe and right postcentral, and right superior parietal cortex. FA was increased in children with left unilateral CP in a network component comprising 1 contralesional intrahemispheric connection between 2 nodes (p = 0.018): the connection between left middle temporal and superior temporal gyri.

### 3.2.2. Alterations in FA in children with right unilateral CP {#s0115}

FA was reduced in a network component comprising 16 connections between 12 nodes (p = 0.004). This network included left corticospinal connections (between the brain stem and left precentral, postcentral, paracentral and superior frontal lobes); left thalamocortical connections (between the thalamus and paracentral and precentral gyri); association connections of the left superior frontal lobe and left precentral, postcentral, and paracentral superior parietal lobes, and right thalamus; the connection between the left precentral gyrus and insular cortex; the connection between the left posterior cingulate and left pre- and paracentral gyri; and interhemispheric connection between left and right paracentral cortices. FA was increased in children with right unilateral CP in a network component comprising 1 contralesional intrahemispheric connection between 2 nodes (p = 0.018): right precuneus and superior parietal lobe.

### 3.2.3. Similarities between unilateral CP groups {#s0120}

A total of 7 connections were identified simultaneously for children with left and right unilateral CP when the side of the primary lesion was used as a reference point: corticospinal connections (between the brain stem and precentral and paracentral gyri); motor thalamocortical connections (between the thalamus and precentral and paracentral gyri); and association connections between the postcentral gyrus and superior frontal lobe; precentral gyrus and insular cortex; and superior frontal lobe and superior parietal lobe. These connections were used to investigate the relationship between microstructure (i.e. FA) and clinical function (AHA).

3.3. Alterations in FA in children with unilateral and bilateral PWM lesions {#s0090}
----------------------------------------------------------------------------

Children with unilateral CP due to PWM damage can present with unilateral or bilateral lesions. In a subanalysis, we explored whether different brain networks were altered in children with unilateral or bilateral brain lesions. Results are presented in [Fig. 2](#f0010){ref-type="fig"}.

All groups showed reductions in FA in corticospinal and thalamocortical connections, as well as in fronto-parietal association pathways. An increased number of interhemispheric connections showed reductions in FA compared to the assessment of the mixed cohort. Children with bilateral brain lesions also showed reduced FA in connections of the hemisphere ipsilateral to the impaired hand (i.e. "contra-lesional" hemisphere). Children with right unilateral CP caused by bilateral PWM lesions showed widespread reductions in FA.

A small number of connections showed increased FA compared to CTD: in children with bilateral PWM lesions (both with left and with right unilateral CP), FA was increased in a small network of left temporal regions; in children with right unilateral CP caused by a unilateral brain lesion, FA was increased in the connection between the right superior parietal lobe and right precuneus.

3.4. Relationship between FA and AHA score {#s0095}
------------------------------------------

A positive relationship between FA and AHA scores, indicating an association between better WM microstructural organisation and better performance of the impaired hand in bimanual tasks, was found in 6 of the 7 assessed connections for children with left unilateral CP (p \< 0.05, r^2^ = 0.22--0.44). There was a moderate relationship between AHA and FA of the connection between brain stem and right precentral gyrus (r^2^ = 0.44); and a moderate relationship between AHA and FA of the connection between the right thalamus and right paracentral gyrus (r^2^ = 0.37), the connection between the right postcentral gyrus and right superior frontal lobe (r^2^ = 0.35), the connection between the brain stem and right paracentral gyrus (r^2^ = 0.29), the connection between the right thalamus and right precentral gyrus (r^2^ = 0.24), and the connection between the right precentral gyrus and insular cortex (r^2^ = 0.22). There was no relationship between AHA and FA of the connection between the superior frontal and superior parietal lobes (p = 0.568, r^2^ = 0.02).

For children with left unilateral CP, a positive relationship between AHA and FA was found for 5 of the 7 (p \< 0.05; r^2^ = 0.16--0.36). We found a moderate relationship between AHA and FA of the connection between the left thalamus and left precentral gyrus (r^2^ = 0.36), the connection between the brain stem and left precentral gyrus (r^2^ = 0.33), the connection between the left postcentral gyrus and left superior frontal lobe (r^2^ = 0.22), and the connection between the left thalamus and left paracentral lobe (r^2^ = 0.21). There was a weak association between AHA and FA of the connection between the brain stem and left paracentral gyrus (r^2^ = 0.16). The weak relationship between AHA and FA of the connection between the precentral and insular regions approached, but did not reach, significance (p = 0.052; r^2^ = 0.14). There was no relationship between AHA and FA of the connection between the superior frontal and superior parietal lobes (p = 0.39; r^2^ = 0.03). Results of the correlation analysis are summarised in [Table 4](#t0020){ref-type="table"}, and graphically displayed in [Supplementary Fig. 2](#f0015){ref-type="fig"}.

For children with left unilateral CP, a positive relationship between AHA and FA was found for 5 of the 7 assessed connections (p \< 0.05; r^2^ = 0.16--0.36). We found a moderate relationship between AHA and FA of the connection between the left thalamus and left precentral gyrus (r^2^ = 0.36), the connection between the brain stem and left precentral gyrus (r^2^ = 0.33), the connection between the left postcentral gyrus and left superior frontal lobe (r^2^ = 0.22), and the connection between the left thalamus and left paracentral lobe (r^2^ = 0.21). There was a weak association between AHA and FA of the connection between the brain stem and left paracentral gyrus (r^2^ = 0.16). The weak relationship between AHA and FA of the connection between the precentral and insular regions approached, but did not reach, significance (p = 0.052; r^2^ = 0.14). There was no relationship between AHA and FA of the connection between the superior frontal and superior parietal lobes (p = 0.39; r^2^ = 0.03). Results of the correlation analysis are summarised in [Table 5](#t0025){ref-type="table"}, and graphically displayed in Supplementary Fig. 2.

4. Discussion {#s0100}
=============

This study is the first to employ a network-based statistical (NBS) analysis of the structural connectome, using combined high-resolution structural imaging and probabilistic tractography incorporating crossing fibres, to identify connections of altered diffusion in children with unilateral CP compared to children with typical development. In children with unilateral CP, FA was reduced in a number of ipsilesional cortico-cortical, ipsilesional thalamocortical and ipsilesional corticospinal tracts. Connections of the pre-, post- and paracentral gyri, the superior frontal lobe, the superior parietal lobe and the precuneus were frequently identified. Seven connections, including corticospinal, thalamocortical, fronto-parietal, and precentral--insular tracts, were identified simultaneously in children with left and right unilateral CP when the side of lesion was used as a reference point. Additionally, relationships between WM microstructure (FA) and clinical function (performance of the impaired hand in bimanual tasks) were evidenced in the majority of these connections ([Table 5](#t0025){ref-type="table"}).

The analyses performed here confirm alterations in connectivity of several motor pathways described previously ([@bb0225]), including the corticospinal tract, thalamocortical connections, and fronto-parietal pathways. One of the advantages of using the network-based technique employed here is, however, that no a priori hypothesis regarding the impacted pathways is required. A number of pathways that have not previously been studied in the context of unilateral cerebral palsy could therefore be identified. These connections include motor connections to the insula and the anterior cingulate gyrus. Application of this technique to investigate alterations in connectivity following treatment may elucidate the neurological correlates of improved functioning due to intervention. In addition, connectivity differences between children with different responses to treatment may aid in the selection of interventions for the individual patient.

The techniques used here are, in contrast to those employed in many other tractography studies, fully automated. Cortical and subcortical regions are automatically identified from the structural image, and are applied to identify pathways from whole brain tractograms. The cortical and subcortical parcellation is based on the anatomy of the individual participant, and it has been shown that the accuracy of this automated parcellation approximates that of manual parcellation ([@bb0050]). With the use of an individualised parcellation, only rigid alignment of diffusion and structural images is required as opposed to non-linear registration to a template (which would be required for atlas based parcellation). Non-linear registration can be particularly challenging in the presence of large lesions or significantly enlarged ventricles that are often seen in children with CP. A limitation of the parcellation based on individual anatomy is, however, that the cerebral cortex cannot be correctly segmented in the presence of large cortical lesions. This is of particular relevance as to the generalizability of our results. Indeed, automated cortical parcellation failed in the majority of subjects with CDGM lesions; subsequently, all subjects with CDGM lesions were excluded from this analysis, providing a clean cohort of children with PWM lesions. Our analysis can therefore only be considered relevant for this form of congenital brain lesion. In addition, children included in this study had mild to moderate CP (GMFCS I--II, MACS I--II); hence our results cannot be generalized to more severe CP.

A rigorous preprocessing pipeline ([@bb0175; @bb0185]) ensures adequate data quality by identifying and removing artefacts caused by involuntary head movement and cardiac pulsation; correction for distortions caused by susceptibility inhomogeneities improves the co-registration of diffusion and structural images; and the use of a higher order model of the diffusion signal enables the resolution of crossing fibres in complex white matter architecture, which has been shown to significantly improve the accuracy of tractography ([@bb0110]). Pathways of altered connectivity could be identified using the recently introduced network based statistic ([@bb0305]). Furthermore, our analysis included not only cortical regions, but also the cerebellum, thalamus and brainstem---regions that are often neglected in connectome analysis, but play a crucial role in elucidating the brain injury in cerebral palsy. Connectivity of pathways was assessed using FA rather than streamline number or tract volume because of problems in normalisation (e.g. differences in brain size and shape) and interpretation ([@bb0120]). A summary measure of FA within connections is, on the other hand, directly comparable across participants. While FA is highly sensitive to microstructural changes, it is not specific to the type of change (myelination, axon density, axon coherence, maturation/degeneration; [@bb0005]).

It should be noted, however, that in regions of crossing fibres, counterintuitive changes in FA (and other diffusion tensor-based metrics) can be observed when only one fibre population is affected ([@bb0290]). In crossing fibre regions, anisotropy measured using the diffusion tensor may be low despite high coherence within the individual fibre bundles---a direct consequence of the tensor\'s inability to resolve crossing fibres. If the microstructural organisation of one fibre bundle is reduced due to pathology, (tensor) anisotropy may be artefactually increased. In this study, we identified a small network of connections that showed increased FA in children with bilateral PWM lesions was located within the temporal lobe---a region of highly complex white matter architecture. We therefore speculate that the finding of increased FA in children with bilateral PWM lesions is artefactual rather than representing a compensatory mechanism in response to brain injury. The use of novel, quantitative diffusion metrics, such as the recently proposed apparent fibre density ([@bb0195]), may be more suited to detecting alterations in microstructure in these highly complex areas.

With the whole-brain approach employed here, we identified pathways known to be impacted by brain lesions in unilateral CP, including the ipsilesional descending motor cortico-spinal tract and the ipsilesional ascending motor thalamo-cortical tract. These pathways are thought to be the main contributors to the motor impairments seen in children with CP ([@bb0215]). The superior longitudinal fasciculus (identified here as fronto-parietal connections) has also previously been shown to be altered in children with spastic CP ([@bb0295]), however no involvement of the superior longitudinal fasciculus was found in another study of children with unilateral CP ([@bb0260]). The fronto-parietal part of the superior longitudinal fasciculus is thought to be involved in regulating the higher aspects of motor behaviour ([@bb0150]).

In addition to these pathways which are known to be impacted by brain lesions in CP, we also identified connections of the insula and the anterior and posterior cingulate gyri. The insular cortex and posterior cingulate gyrus are non-primary motor areas ([@bb0060]), and involvement of their connections may contribute to the impairments seen in CP. The insula and anterior cingulate cortex have been linked to implicit motor awareness in adults with acquired hemiparesis ([@bb0160]), resulting in possible implications for rehabilitation. The posterior cingulate cortex is involved in visuo-spatial processing and it demonstrated connections to numerous premotor areas including the cingulate motor areas ([@bb0285]), suggesting a possible role in orientation of self and body in visual space in hemiplegic subjects.

It should be noted that while we identified alterations in FA of connections between the thalamus and the precentral and paracentral gyri, respectively, between CP and CTD groups, we found no difference in FA of the connection between the thalamus and the postcentral gyrus. Our previous research, which involved an overlapping ([@bb0275]) and an independent cohort ([@bb0215]), revealed an ipsilesional--contralesional asymmetry in these thalamo-sensory fibres (measured by streamline number and FA), which also correlated with hand function of the paretic hand. The current study did not assess hemispheric asymmetry of connections, but rather identified differences between patient and control groups, and did not reveal any difference in FA for the thalamo-sensory pathway.

Our assessment of the relationship between clinical function and microstructure in pathways impacted by brain lesions in CP showed that microstructural alterations of the cortico-spinal and thalamo-cortical pathways were significantly associated with deficits in performance of the impaired hand in bimanual tasks (measured using AHA). As mentioned above, it is important to recognize that this finding in children with PWM lesions is not necessarily generalizable to other types of brain lesions observed in CP (e.g. CDGM lesion or brain malformation).

Our subanalysis of children with unilateral or bilateral PWM lesions as separate group, revealed that, in general, the same connections were identified when unilateral CP groups were assessed by lesion group compared to a mixed-lesion cohort: motor connections of the brain stem and thalamus, as well as fronto-parietal connections showed reduced FA in all cases. A larger number of interhemispheric connections, and contralesional interhemispheric connections were identified for both the unilateral and bilateral lesion groups than were identified when assessing a mixed cohort. Children with right unilateral CP and bilateral lesions showed widespread alterations in FA compared to CTD that were not observed in the children with left unilateral CP or children with light unilateral CP caused by unilateral PWM lesions. Whether these widespread alterations represent a true finding, or are an artefact caused by small participant numbers (n = 8) is unclear. A larger cohort of children with unilateral CP will be required for this analysis.

5. Conclusion {#s0105}
=============

In conclusion, we identified pathways of altered structural connectivity in children with unilateral CP compared to children with typical development. Our analysis revealed that impacted connections include ipsilesional projection and association pathways. Several pathways that have not previously been studied in CP also showed alterations in microstructure both in children with left, and in children with right unilateral CP. Relationships between white matter microstructure and clinical function were found within these connections. Subgroup analysis, separating unilateral and bilateral lesions during statistical analysis, revealed that, while the microstructure of corticospinal, cortico-thalamic, and fronto-parietal connections is altered in all cases, interhemispheric and ipsilateral connections may be impacted differently.

The following are the supplementary data related to this article.Supplementary Fig. 1Example structural MRIs of children excluded from analysis due to failure of automated cortical and subcortical parcellation.Supplementary Fig. 2Associations between microstructure (FA) and performance of the impaired hand in bimanual activities (measure using the Assisting Hand Assessment, AHA). Connections showing a significant relationship between FA and AHA are highlighted with grey background.

Supplementary data to this article can be found online at [http://dx.doi.org/10.1016/j.nicl.2014.05.018](10.1016/j.nicl.2014.05.018){#ir0255}.

![Target regions used in the network analysis. Thirty-four cortical regions per hemisphere, the bilateral thalami, bilateral cerebella and brain stem were automatically delineated from high-resolution structural images using Freesurfer.](gr1){#f0005}

![Results of the network-based statistic analysis (NBS). Alterations in fractional anisotropy (FA) compared to children with typical development were detected in children with left unilateral CP (top) and children with right unilateral CP (bottom). Results are shown for the comparison between children with typical development (CTD) and children with unilateral PWM lesions (left); between CTD and children with bilateral PWM lesions (right); and between CTD and the combined cohort of children with PWM lesions (i.e. the combined unilateral and bilateral cohorts; middle). Node colour indicates network membership. The size of the nodes indicates the number of connections of this node exhibiting reduced FA.](gr2){#f0010}

###### 

Demographics.

                         CTD          Left hemiplegia   Right hemiplegia   p-Value     Left hemiplegia   Right hemiplegia   p-Value             
  ---------------------- ------------ ----------------- ------------------ ----------- ----------------- ------------------ ----------- ------- -----------
  *Age*                  n = 17       n = 23            n = 27             0.530       n = 12            n = 11             n = 19      n = 8   0.292
  Mean (SD)              11.3 (2.7)   10.5 (3)          11.4 (3.3)         9.4 (2.7)   11.7 (2.9)        11.6 (3.4)         10.9 (3)            
  Range                  7.7--16.3    5.1--17           6--17.1            5.5--14.2   5.1--17           6--17.1            6.3--14.9           
                                                                                                                                                
  *Gender*               6/11         11/12             15/12                          5/7               6/5                11/8        4/4     
  *MACS*                 N/A          I = 14            I = 11             0.162       I = 7             I = 7              I = 8       I = 3   0.568
  II = 9                 II = 16      II = 5            II = 4             II = 11     II = 5                                                   
  *GMFCS*                N/A          I = 17            I = 13             0.063       I = 7             I = 10             I = 9       I = 4   0.115
  II = 6                 II = 14      II = 5            II = 1             II = 10     II = 4                                                   
                                                                                                                                                
  *AHA (scaled logit)*   N/A          n = 21            n = 27             **0.021**   n = 12            n = 9              n = 19      n = 8   **0.011**
  Mean (SD)                           74 (13)           65 (13)            72 (13)     78 (12)           62 (10)            74 (15)             
  Range                               55--93            46--90             55--93      58--93            46--84             48--90              

CTD: children with typical development; MACS: Manual Ability Classification System; GMFCS: Gross Motor Function Classification System; AHA: Assisting Hand Assessment; logit: log-odds probability units; SD: standard deviation.

p-values smaller than 0.05 are highlighted in bold font.

###### 

Lesion scores.

  -------------------------------------------------------------------------------------------------------------
                   Left hemiplegia   Right hemiplegia                                             
  ---------------- ----------------- ------------------ ------------- ------------- ------------- -------------
  Global\          7.22 (4.88)       4.71 (1.56)        9.95 (5.83)   8.81 (2.82)   6.26 (2.32)   8.12 (3.58)
  mean (SD)                                                                                       

  Hemispheric R\   3.61 (1.74)       2.96 (0.84)        4.32 (2.21)   1.02 (1.79)   0.16 (0.69)   3.06 (1.97)
  mean (SD)                                                                                       

  Hemispheric L\   1.52 (2.05)       0.00 (0.00)        3.18 (1.86)   3.06 (1.33)   2.79 (1.03)   3.69 (1.79)
  mean (SD)                                                                                       

  Summary R\       5.09 (2.72)       4.54 (1.68)        5.68 (3.52)   1.02 (1.79)   0.16 (0.69)   3.06 (1.97)
  mean (SD)                                                                                       

  Summary L\       1.52 (2.05)       0.00 (0.00)        3.18 (1.86)   5.31 (1.87)   5.58 (1.95)   4.69 (1.58)
  mean (SD)                                                                                       

  BG & BS\         1.48 (1.62)       1.58 (1.62)        1.36 (1.69)   2.26 (1.51)   2.79 (1.32)   1.00 (1.20)
  mean (SD)                                                                                       
  -------------------------------------------------------------------------------------------------------------

R---right; L---left; BG---basal ganglia; BS---brain stem.

###### 

Results of FA comparison for left hemiplegia group.

  Connection                                         CTD           Left hemiplegia   t-Stat
  -------------------------------------------------- ------------- ----------------- --------
  Brain stem--right paracentral                      0.46 (0.02)   0.42 (0.02)       5.80
  Brain stem--right precentral                       0.45 (0.03)   0.41 (0.03)       4.80
  Right thalamus--right paracentral                  0.44 (0.03)   0.38 (0.03)       6.49
  Right thalamus--right precentral                   0.44 (0.03)   0.40 (0.03)       4.98
  Right precentral--right insula                     0.36 (0.02)   0.33 (0.02)       3.99
  Right precuneus--right medial orbito-frontal       0.35 (0.03)   0.32 (0.03)       3.64
  Right precuneus--right caudal anterior cingulate   0.32 (0.03)   0.29 (0.03)       3.92
  Right precuneus--right superior frontal            0.37 (0.03)   0.34 (0.03)       3.50
  Right superior frontal--right postcentral          0.37 (0.02)   0.35 (0.02)       4.94
  Right superior frontal--right superior parietal    0.41 (0.03)   0.37 (0.03)       4.29
  Left middle temporal--left superior temporal       0.28 (0.02)   0.30 (0.02)       − 3.21

Reported values are mean (standard deviation) of fractional anisotropy; CTD: children with typical development.

###### 

Results of FA comparison for right hemiplegia group.

  Connection                                      CTD           Right hemiplegia   t-Stat
  ----------------------------------------------- ------------- ------------------ --------
  Brain stem--left superior frontal               0.41 (0.03)   0.39 (0.03)        3.67
  Brain stem--left precentral                     0.45 (0.03)   0.39 (0.04)        7.01
  Brain stem--left postcentral                    0.44 (0.04)   0.40 (0.04)        4.10
  Brain stem--left paracentral                    0.46 (0.04)   0.40 (0.04)        5.29
  Left thalamus--left paracentral                 0.44 (0.05)   0.36 (0.05)        6.09
  Left thalamus--left precentral                  0.45 (0.05)   0.36 (0.05)        6.87
  Right thalamus--left superior frontal           0.44 (0.04)   0.41 (0.04)        3.39
  Left superior frontal--left paracentral         0.30 (0.04)   0.26 (0.04)        4.49
  Left superior frontal--left postcentral         0.37 (0.04)   0.34 (0.04)        3.56
  Left superior frontal--left precentral          0.38 (0.05)   0.33 (0.05)        3.43
  Left superior frontal--left superior parietal   0.41 (0.03)   0.38 (0.03)        3.88
  Left precentral--left insula                    0.36 (0.04)   0.32 (0.03)        5.58
  Left precentral--left posterior cingulate       0.43 (0.05)   0.35 (0.05)        4.39
  Left caudal middle frontal--left precentral     0.33 (0.04)   0.30 (0.04)        3.30
  Left paracentral--left posterior cingulate      0.37 (0.06)   0.31 (0.06)        3.83
  Left paracentral--right paracentral             0.48 (0.07)   0.40 (0.07)        4.18
  Right precuneus--right superior parietal        0.24 (0.03)   0.26 (0.03)        − 3.21

Reported values are mean (standard deviation) of fractional anisotropy; CTD: children with typical development.

###### 

Association between AHA and FA.

  Connection                            Left hemiplegia           Right hemiplegia
  ------------------------------------- ------------------------- -------------------------
  Brain stem--precentral                r^2^ = 0.44 (p = 0.001)   r^2^ = 0.33 (p = 0.002)
  Brain stem--paracentral               r^2^ = 0.29 (p = 0.011)   r^2^ = 0.16 (p = 0.036)
  Thalamus--precentral                  r^2^ = 0.24 (p = 0.025)   r^2^ = 0.36 (p = 0.001)
  Thalamus--paracentral                 r^2^ = 0.37 (p = 0.003)   r^2^ = 0.19 (p = 0.021)
  Postcentral--superior frontal         r^2^ = 0.35 (p = 0.005)   r^2^ = 0.22 (p = 0.013)
  Precentral--insula                    r^2^ = 0.22 (p = 0.032)   r^2^ = 0.14 (p = 0.052)
  Superior frontal--superior parietal   r^2^ = 0.002 (p = 0.57)   r^2^ = 0.03 (p = 0.39)

AHA: Assisting Hand Assessment; FA: fractional anisotropy.
